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APFLICATION OF RADIAL-EQUILTERTUM CONDITION TO AXIAL-FLOW TURBOMACHINE
DESIGN INCLUDING CONSIDERATION OF CHANGE OF ENTROFY
WITH RADIUS DOWNSTREAM OF BLADE ROW

By James E. Hatch, Charles C. Gilamatl, and Robert J. Jackson

SUMMARY

An investigation was made of the valldity of application of the
simplified-radial-equilibrium equation to axial-flow turbomachines. Two
types of calculations based on the assumption of simplified radisl equi-
librium were made of radial distributions of axial velocities for com-
parisons with data from several compressor configurations. One type of
calculation incorporaeted the measured radial varistion of stagnation-
pressure losses by means of & term in the radial-equilibrium equation
expressing the radial variation of entropy. The second type of calculg-
tion did not include this term.

In order to compute asccurately the radial varistion of veloclties,
it was necessary in general to Include the measured stagnation-pressure
losses in the simplified-radlal-equilibrium equation. The gssumption of
zero radisl gradient of entropy was Invalid for the calculation of ve-
locities at axial statlions more than one or two blade rows downstream
from a reglon of uniform entropy. At an axial station following seversl
stages of a multistage compressor, large discrepancies were observed
between measured velocities and velocities computed from the simplified-
radisl-equilibrium calculation which neglected the entropy term, while
the incorporation of the entropy term led to calculated velocities which
egreed closely with data.

Very close agreement was observed between the veloclties calculated
by using an entropy gradlent and megsured veloclties in the boundery-
layer regions at the hub and tilp while the second type of calculetion,
with the entropy gradient neglected, was not correct. This trend sug-
gests that the blockage effect of the boundsry layer can be taken into
account by a design assumption of the boundary-layer stagnation-pressure
profile based upon availgble boundery-layer loss data.
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A veloclty-dlagram design method, based upon the results of this
investigation and including the effect of the estimated stagnation pres-
sures on the design axial-velocity profile, is suggested in this report.

INTRODUCTION

The design procedure currently in use for a multistege axlal-flow
compressor is divided Into two phases, the first of which is concerned
with the determinatlon of stage velocity diagrams for the inlet and out-
let to the verious blade rows, whille the second 1s concerned with the
selection of blade shapes which will yield these disgrams. In the first
phase the radisl-equilibrium condition (the radisl component of the
equation of motion) 1s used. This condition specifies the radial pres-
sure gradlent that ls necessary to provilide the centripebtal force to
maintain & curved flow path (refs. 1 to 3) through the compressor.

3038

In design work a form of the radiasl-equilibrium condition which hes
been used is glven in reference 1 (eq. (14)) as (in the terminology of
this report)

dE _ ds . Vg 3(xVg) v vy
- ErtiErtr e tewm o Vem (1) :

This equatlon was derived under the assumptlon of axlaelly symmetric
flow in a £fluid of negligible viscoslity. When the egquation is spplied
to an axial station at the inlet or outlet of a blade row, the blade-
force term represented by F. is zero.

oV,
In reference 1, the effect of the radisli-flow term <; vy, SE;) of

equation (1) on the radisl distribution of the estate of the gas was
invegstigated. This was done for nonviscous-flow problems by comparing
solutions obtained by applying equation (1) with solutions obtained by
epplying a modification of equetion (1) (the simplified-radial-equilibrium
approximation) which dropped the radial-flow term. For the purposes of

this analysis, the entropy term <£-g§) of equation (1) was neglected

in these solutions because of the assumptions of nonviscous flow and no
heat transfer.

These methods for inviscid fluids do not account for the radial
varistion of total-pressure losses which occur across a blade row in a
compressor. In order to include these losses in the velocity-diagram
calculations, the radlal variation in totel-pressure loss can be related
to the radial variation in entropy and as such Included in the radilal- .
equilibrium calculations. A method of velocity-disgram calculation whilch
includes the entropy term is shown in this report. In order to ascertain
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the effect of the entropy term of egquation (1) on the radial distribu-
tion of the state of the gas, velocities are computed by using a modi-
fication of equation (1) which includes the entropy term but drops the
radial-flow term (simplified radial equilibrium including entropy gra-
dient) and are compared with velocities computed from a modification of
equation (1) which does not include the entropy term and also drops the
radial-flow term (simplified-radisl-equilibrium approximetion). These
velocity distributions, which are computed for several compressor con-
figurations, are compared in each case with measured velocities to see
if 1t is possible to predict correctly the stage-velocity diagrams by
including the entropy term in the cslculations.

The development of the solutlion including entropy graedient to the
radial-equilibrium equation is presented in the section ANALYSIS OF
EQUATIONS. The differences in the assumptions used for this solution
and for the solutions obtained in reference 1 are discussed, and the
significance of the entropy term in the radial-equllibrium solution is
pointed out.

The methods used to adapt the analytical solutions (simplified
radilal equilibrium including entropy gradient and simplified-radiel-
equilibrium epproximation) to measured data are shown in the section
ANATYSTS OF EXPERIMENTAL, DATA. The experimental data are taken from
configurstions described in references 4 to 10. TIn most cases the data
were available only in the "main-stream region"; however, in two con-
figurations, data obtalned near the end walls of the compressors were
used to see If the axisl-velocity profiles in the boundsry layer could
be accounted for by the sclution based on simplified radial equilibrium
including an entropy gradient. The remainder of the data in the section
ANATYSTS OF EXPERIMENTAL DATA is grouped as single-stage data or data
from middle or end stages of a multistage compressor.

The section entitled ANALYSIS OF DESIGN TECHNIQUE suggests possible
uses of the gpproximation of simplifled radial equilibrium including an
entropy gradient in a design procedure. An example of & fixed-ares
velocity-dlagram calculetion is ocutlined in deteil.

SYMBOLS
The followling symbols are used in this report:

c specific heat at constant pressure, £t-1b/(slug)(®R), equal to
chp engineering units

D diffusion factor (ref. 11)

F  blade force, 1b/slug
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g acceleration due to gravity, ft/sec?

E total enthalpy, f£t-1b/slug, equal to JgH engineering units

J  mechanical equivalent of heat, ft-1b/Btu -

X curvature of path, reciprocel of radius of curvature, et

P total pressure, 1b/sq £t

D static pressure, 1lb/sq ft

R gas constant, f£t-1b/(slug)}(®R), equal to gR engineering units

r radius, ft

8 entropy, f£t-1b/{slug)(°R), equal to gs engineering units

T total temperature, ©R

t static temperature, CR

U  rotor velocity, ft/sec

v gas velocity, ft/sec

V, @&absolute gas veloclty at station where some variables are unknown,
ft/sec

W weight flow, 1b/sec

Z axlal distance, ft

B absolute air angle, angle between alr velocity and axial
direction, deg

T ratio of specific heats

] angular coordinate, deg

p static density, slugs/cu £t

@ stage-inlet-flow coefficlent, (V,/Ug) .

Subscripts:

av  aversage

h hub

3038
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k radisl station where varigbles are known

m mean

r radisl direction

ref reference

t tip

u radisl station where some varisbles are unknown

Z axial direction

e tangential direction

0] pipe inlet or compressor depression tank

1,2,3,. . . n eaxlal station downstream of ntt blade row, where the

guide vanes are the first blade row.

ANATYSIS OF EQUATIONS
Assumptions

The behavior of g fluld in & compressor can be investigated by
applying the conbervation laws of matter, momentum, and energy to the
flow. The assumptions of axial symmetry and negligible viscosity are
ressongble conditions to specify in order to investigate this flow.
Using these assumptions, the suthors of reference 1 developed the fol-
lowing form of the comblned momentum and energy equetions for & cylin-
drical coordinste system, where r, z, and @ are independent variables:

Vg 3(rV, Vv
Eorm+t3Es I?-—gg-gl PV, SE -V, gzr (ze)
3(rvg) o(rvg)
- 1 ] 9
0=Fg -3 [vr 5 + Vy, 55 } (2v)
Bz * az oz T Br * Tz (2e)

In epplying these equations (egs. (14), (15), and (16) of ref. 1 in
the terminology of this report), the fluid was considered to be inviscid
throughout the compressor so that the variation in entropy could be
caused only by heet transfer. Thus, the entropy term was neglected in
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the solutions presented since no heat transfer was assumed. However, in
& real compressor, vlscous flows exlst end a redilal variation of blade-

row total-pressure losses, which gives rise to_a radial entropy gradient,

can occur as the viscous fluld passes through the blade rows where large
veloclty gradients and large wetted surface aress are present.

The effect on exial-velocity profiles of viscous forces which occur
in the space between blade rows 1s smell compared with the effect on the
axlal-velocity profiles of losses which have occurred upstream through
the blade rows. Thus when the flow 1in the space between blade rows is
examined, the fluid is considered to be inviscid (hence egs. (2) are
applicebleé) with a radiel entropy gradient at the point of interest.

The Inclusion of the entropy term in spplylng the radilal-eguilibrium
condltlion may be regarded as a loss correction included 1n the equations
for inviscid flow. In this investlgation, an experimental evaluation of
the losses is included in the analytical solutions.

An example of how these concepts can be applied to the simple case
of pipe flow is shown 1n the following sectlion. The manner in which the
equations are gpplied is analogous to the menner in which they are ap-
plied to actual compressors for thls ilnvestigation.

Significance of BEntropy Gradient

For spplication to pipe flow or to the space between blade rows of
a compressor, equations (2) are more convenlently written as

a dVy Vg2 3V v,
Cp ?' = t 8 + Vg gr—' + -i‘_- + VZ_ S;E - Vz B-EE (3&)
ov V.V v
_ 6 . 'r'o 9
0= Vy 5t + Vo 5 (3b)
T _ ds aVr BVQ _ aVZ
bttt VrE TV T Vr s (3¢)

In the case of pipe flow, T 1s & constant throughout the flow and is
equal to Ty, and Vg = V. = 0. In order to apply equations (3) to em
axial station downstream of the inlet, the fluld must be considered
inviscid at this station. This condition, along with Vg = V, = O,

reduces the set of equations (3) to

as

oV,
0=t +Vy g—- (¢)

3038
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An sssumption that Js/d0r = O leads to the conclusion that V, = con-
stant ealong the radius. This conclusion i1s invalid near the pipe walls
due to the previous viscous flow upstream. The nonvanishing radial
gradient of entropy can be introduced in terms of total pressure and
temperature. By the definition of stagnation conditions, stagnation
entropy equals static entropy and is a function of stagnation pressure

and temperature as follows: -
T

(T/Tref )T—l (5)
P/Prer

8 = Spep + R In

For this case, the reference point is the pipe inlet and
T = T,er = Tg- Equation (5) reduces to s = g + R(1n By) - R(1n P),

which then yields 3s/dr = - R 3(1n P)/dr, since entropy and total
pressures are constant with raedlius at the pipe inlet. When both sides
of this last eguation are multiplied by + and the result is sub-
stituted in equation (4), the equation becomes

> v2 v \ 3

Integration of this equation from r to r gives

in

v2 =1
i
"\ . <Pm)1‘f’

v, 2 P,
i

or

o (T_znfngﬁ

P

In terms of total enthalpy, this last eguation becomes

()

Since the whirl and radial sasccelerstions are zero, stetic pressure
ie constant and does not appear in equation (6). For a given stagnation
temperature, velocity is & functlon only of stagnation pressure. The
reduction of stagnation pressure by viscous forces is associsted with a
reduction in velocity, and this relation is given by equation (6). The
total-pressure losses near the pipe walls are reflected in the drop in
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velocity in these regions; hence, the axial-veloclty gradients agree
qualitatively with the axial-velocity gradients predicted from viscous-
flow equations. This example shows that in the case of plpe flow the
stagnation-pressure-loss correctlon used in the radiasl component of an
equation of motion for inviecid f£fluld can lead to resulits which are
gualitatively correct for viscoug fluids. Thus en analogous treatment
of the more complicated problem of viscous flow through a compressor may
be useful. o '

Significance of Radial-Flow Term

In order to discuss the effect of the radial-flow term on the radial
variations of the gtate of the fluid, the term can be expanded into an
expression involving the radius of curvature of the streamline in the
r,z surface. When the differentistion along the streamline is considered,

vy d or oVz dr dlr
VZE‘-'VZ-EE VZ&)=VZHE+VZZ-B_Z§
Since 82
r
K 3z

where X i1s the curvature in the r,z plane or reclprocal of the radius
of curvature, then

dv dv 2) 3/2
vzgz—rmvr—a—zé'l-mzz [l+<%§)] (7)

ov.
From equation (7), the term V, 522 is affected both by the axial

variation of axisl velocity (as determined by the continuity condition)
and the curveture of the streasmlines. For the confilgurations considered
in this report, the maximum hub taper is about 10°. Both the radial
velocity and the axilael varistion of axial velocity at the measuring sta-
tion 1n the space between blade rows are therefore smgll, and the first
term of equation (7) can be neglected. The term Vs sgr, designated the
radisl~-flow term, will be discussed in this report in terms of streamline
curvature only. For compressors with large hub taper, such as transonic
compressors designed for high pressure ratios, and with hub-tlp radius
ratios less than 0.5, the contribution to the& radial-flow term by

Ve 525 may be significant. The formula for the curvature K shows that

3038
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the sign of the radial-flow term 1s positlve for streamlines concave
looking from the compressor casing (fig. 1) and negative for. streamlines
convex looking from the casing.

In the conventional tests of an axiasl-flow compressor, the lmstru-
mentation is not designed to determine the radial component of the abso-
lute velocity after the blade rows since it ls assumed to be small. This
assumption is

Vg2 + V,2 E V2 (8)

In this presentatlon, the radial-flow term which was included in ref-
erence 1 will be neglected. A solution which uses the entropy term will
be obtained and compared with actual data. Within the limits of the
assumptions of axlal symmetry and negliglble viscosity at this axlal
statlion, the difference between this solution and actusl date may be
attributed to the effect of neglecting the radial-flow term. A solution
will also be obtained in which both the entropy term and the radial-flow
term are neglected. The difference between this last solution (the
gimplified-radial-equilibrium approximation) and datae may be attributed
both to effects of radial entropy varistion and the radiali-flow term,
egein with the assumption that deviations from axial symmetry and neg-
ligible viscoslty do not mask these effects. Consequently, a comparison
of these two types of analytical solutions with compressor data may in-
dicate the relative magnitude of the effect of radial entropy graedient
and radigl-flow term on the radisl variations of the £luld state.

The type of flow distribution (radial variation of whirl) and the
compressor geometry determine the importance of the radial-flow term.
For free-vortex flow, little radial shift of streamlines occurs through
blade rows so the radisl-flow term is probably unimportant. The radial
pressure gradients attendent to wheel-type or wheel-minus-vortex (symmet-
rical velocity diasgram) distributions of whirl cause radiasl flows and
epprecigble curvature of the streamiines. Thls effect 1s discussed in
reference 12 and tends to make the radiel-flow term more important. The
geometric characteristics of low hub-tip radius ratio, high hub curvabure,
and high aspect ratio tend to increase the importance of the radisl-flow

term.
ANATYSIS OF EXPERIMENTAT, DATA
Application of Radial-Equilibrium Equation
In order to compeare experimental deata with the solutions based on

simplified radiel equilibrium including an entropy gradient and solutions
based on simplified-radial-equilibrium approximation, equation 3(a) must
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be solved and written in a form sulted to convenlent application to the
data. By making several simplifylng assumptions, a useful numerical
solution of equation (3a) can be cbtained.

When equation (3a) is integrated between a radius at which all
the dependent veriables are known or assumed (subscript k) and a radius
at which some of the dependent varisbles are unknown (subscript u), a
rearrangement (the radial-flow term is dropped) gives

rk Tk 2 o]
v 3
2 2= o(s/R 2 2 MR
Vo,u“+ 7, = 2R t SSEL drd Vg 2+ Vg 42 — dr+ 2cp(Ty - Ty) ®
Tu . Tu
(9)
1t is desirable for comparing analytlcal results with actual data to
put equation (9) into a form involving only absolute velocity, absolute
air angle, total pressure, and totael temperature after the blade row.
This expression can be developed as follows:
By using equation (8) and the steady-flow energy equation
t =T - V3/2¢c, (10) )
equation (9) can be written as
Tk Tk V.2
2 _ v-1 2 o(s/R ]
V2 = (ZRT-TV)—%f—ldr+vk2+z — dr + 2c,(T, - Ty)
Ty _ Tu
(11)
A numerical solution of equation (11) for V,, may be obtained if
the following simplifying sssumptions are made in order to facilitate
integration of equation (11):
(1) Véz/r varies linearly between the two radli of Integratilon.
(2) T variles linearly between the two radiil of integration.
(3) V2 wvaries linearly between the two radii of integration.
(4) s/R varles linearly between the two radili of integration.
These four assumptions are nearly correct if the redisl posltions -

are close together. After the flow problem has been solved, the above
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integrands can be plotted against the varisble of integration to check
these assumptions of linearlty, and corrections can be made if necessary
until equation (11) is satisfied.

With the use of the assumption of linear variation of T and v2
between the radii of integration, the first integral on the right side
of equation (11) may be evaluated by the trapezoidel rule as follows:

Tk
; _ (=} s
Jo 2 ) 2 e - ey e ] (- 3)

U

The entropy at a fixed radial position at axial station 2, for
example, may be expressed (from eq. (5)) as
"

8 s T, /T r-1
2 _ Sref (T2/Trer) (58)

R R il =y

where s,..,p 18 the entropy of the gas at some reference point upstream.

For the data presented herein, the reference point is the depression
tank and 8rer = S0O° Therefore, =t sxial statlon Z the quantity

sz’k/R - sz’u/R can be evaluated as follows:

x_ Y

-1 -1
2,5 _ Szu_ o (T2, Pax| _ o T2\ /B2
R R To Po To Po

The third term on the right side of equation (11) is also eval-
ugted by the trapezoidal rule, and with the relation Ve =V sin 8 this

term can be written

r

ko2 2 2 gin? 2 _i,2
2 Y- sin® B g, _ (k7SI Px  Vu sin By (rg - Ty)
r I‘k I'u ;

Tu

After the integrals have been evaluated in equation (11), the re-
sulting form may be solved for Vu:

2
2 T\ . o2 v-1(5% & Vi
- [“é E;)Sin ﬁk] + 2op(Ty - T) ”T(%'TP) EP(TR"T&)'TJ
u =
Tx 2 y-1 (8x _ Su
2 (s - ) et e B (- F)
(12)
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Equation (12) gives the solution for simplified radisl eguilibrium
including an entropy gradient. A solution for the simplified-redial-
equilibrium gpproximetion is obtained by keeping the entropy constant
radially (i.e., the term & /R - s,/R equal to zero) in equation (12).
It should be noted that cp, and R must have units of (£t-1b)/(slug)

(°R) in this derivation.

Sclution of Velocity Distributions

The solutlon for velocity at all radil based on simplified radial
equilibrium including entropy gradient requires a knowledge of the radisal
varlations of totel pressure, total temperature, and absolute air angle
after the blade row, and the inlet conditlions to the compressor. With the
aid of the sbsolute measured velocity at or nesr the mean radius as the
initial Vk, solutions of equation (12) for V, for the redial position

on either side of the mean radius can be obtained. These values of V,
are then teken as Vi for the solutlion of velocity at the next radial
positlion nearer the hub and tip. When this first velocity distribution

has been calculated across the passage, the weight flow 1s computed by
usling the relation

Tt
W= 2ng f pV,r dr (13)
Th
when the static density is given by
2
T-1
By ox ¥R
P = RT T zm) (14)

The value of weight flow obtained from equation (13) is compared
with the weight flow calculated from the radial-survey data, and the
initial value of V, at the mean radius is corrected by the retio of
these weight flows to give a second value of Vi at the mean radius for

the second approximation. This process is repeated until continuity is
satistled as evidenced by the agreement of the actual and computed welght

flows.

The same procedure is used to compute the values of V,; from the

gimplified-radial-equilibrium approximation. As stated previously in
the section Application of Radial-Equilibrium Equation, the term
(s - sy)/R 1is set equal to zero in equation (12), which then reduces

to the simplified-radial-equilibrium approximation.

3038
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PRESENTATION OF EXPERIMENTAIL DATA
Interpretation of Deta

Comparisons were -made among the measured and two types of computed
velocltles for the portion of the flow ocutside the boundary layer after
guide vanes, rotors, and stators for a varlety of compressor configura-
tions. The blade rows lnvolved cover a wide range of aspect ratio and
hub-tip radius ratio. The comparison also covers a range of operating
conditions for the blade row so that the effect of varying losses upon
the relative magnitude of the terms of the equilibrium equetion may be
investigated. In this presentation the discussion is divided Iinto two
sections.

The first sectlon presents results for stages with uniform entropy
at the inlet (single stages and inlet stages of multistage compressors);
the second sectlon presents results for stages with an inlet entropy
gradient (middle and end stages of & multistage unit). This division is
made because 1t 1ls expected that the effect of the entropy gredient will
be markedly greater for stages with an inlet entropy gradient than for
stages with uniform inlet entropy. These sectlions are subdivided for
convenience into subsections for comparisons of veloclitles after rotors
and stators. Most of these measurements were teken in the free-stream
region out of the end-wall boundary layers. However, & limited amount
of boundery-layer data was obtalned and is discussed in a further sub-
division entitled "Boundary-layer data" of the section on inlet stages.
A large number of calculations were made for each configuration, but
only representative results are presented in this report.

In order to clarify the method of comparing velocities, figure 2
shows the effect of adding the entropy-gradient term to the simplified-
radisl-equilibrium spproximations. It can be seen, in figure 2(b) for
instence, that.using the loss term not only reduces the velocities at
certgin radii but also shifts the profille vertically to satisfy con-
tinuity. The effecte of loss profile with minimum Jlosses at points
other than the hub, mean, or tip radius could be similarly analyzed.

After the solution with simplified radlal equilibrium including
an entropy gradient for velocities is obtained, 1t may still differ from
measured velocities. Thils discrepancy can be attributed to the neglect
of the radisgl-flow term if the deviation from axial symmetry as well as
the viscous actlion at the axisl station in question are assumed negligible.
Figure 3 shows the interpretation of comparison of the measured velocities
with velocitles computed from simplified radial equilibrium with losses.
The shape of the streamline in the r,z surface required to correct s
solution for simplified radisl equilibrium including an entropy gradient
to coincide with measured velocities can be ascertained from such
comparisons. e

U—
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Single Stages

Downstream of gulde vanes. - Axial-velocity ratios for the axial
station downstream of the guide vanes calculated from measured dats and
from the sclution for simplified radial equilibrium are presented in fig-
ures 4 to 8. Axlal-velocity ratios calculated from the solution for
simplified radial equilibrium including the entropy gradient are pre-
sented in figure 4 ag sn example of the effect of the radisl variation
of gulde-vane losses on the axisl-veloclty profile downstream of a set
of circular-arc sheet-metal guide vanes.

TAZO

Low hub-tip ratio stages: - The dimensionless axial-veloclty pro-
files presented in figures 4 to 7 were obtained from compressors of low
rotor-inlet hub-tip ratio (0.50 to 0.55). These configurations were also
gimilar in flow distribution as well as 1In geometry: They were designed
for wheel-type or wheel-minus-vortex rotor-inlet whirl.

A comparison between the axial-velocity profiles obtained from data
and. those from the solution for simplified radial equilibrium presented
in figures 4 to 7 reveals the same trend for most cases: The solution
yields axisel velocities which are lower near the tip and higher near the
hub than those calculated from dats. The only exceptlon to this trend
(fig. 4(c)) represents operation at a low-flow coefficient. As dis-
cussed 1n reference 13, rotor operation at low-flow coefficients can
result in a recirculating type of flow at the rotor tip. The possible
consequences of thils type of flow will be brought ocut in connection with
the streamline-curvature and entropy-gradient characteristics.

The axial-veloclty proflies obtained from the solution including the
entropy gradient are slightly different from those obtained from the
simplified-radisl-equilibrium solution. The effect of the entropy gra-
dient, for the two cases presented, is to increase slightly the discrep-
ancies at the hub and tlp between the axial-velocity ratios obtained
from data and those obtained by simplified-radial-equilibrium calculation.
(Because this effect was small, and because the availsble guide-vane-loss
data for other configurations indicated approximately the same loss char-
acteristics, the solution including the entropy gradient was not deter-
mined for the data of figs. 5 to 7.) For the low-flow case (fig. 4(c)),
the recirculating flow at the rotor tip would increase the entropy up-
stream of the rotor and thereby lower the inlet axial wvelocilty.

The discrepancies between the axisel-velocity profiles obtained from
datsa and from the solution for simplified redial equilibrium are probably
a consequence both of the assumption of axial symmetry and the neglect
of the radial-flow term. The analysis of reference 14 shows that, for
guide vanes with a radlal circulation gredient, the condition of irro-
tationality requires that a tangentiael gradient of radial velocity must
exist. The radial component of Euler's equation for steady flow ex-~
pressed in cylindrical coordinates 1s as follows:
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V. Vg OV. oV, Vg2
r._._r..,..ﬁ_ll.g-vz_r.__e_:_léB (15)
or r 96 dz r p or
From equation 15, it can be seen that for such a flow the assumption
Vg2 oV, V.
that l.éE =& is not exact even if — = —= = O.
p or r - or oz

If the trend indicated in figures 4 to 7 can be partly attributed
to the effect of streamline curvature, this curvature must necessarily
be conceve with respect to the casing (fig. 3). Because of the type of
whirl addition through the guide vanes (wheel or wheel-minus-vortex),
the resulting radlsl pressure gradient tends to force the flow towards
the hub as it passes through the guide vanes. As the gas passes from
the guide vanes to the rotor, the hub teper causes a curvature of the
streamlines (BVr/Bz # 0). It is probable, therefore, that at the axial

location of the measuring stations this curvature is concave with respect
to the casing (fig. l), except Ilmmedlately adjacent to the hubj; and the
trend of figures 4 to 7 1s therefore a logical one. For the case of low-
flow operation (fig. 4(c)), recirculating flow at the rotor tip would
increase the specific mass flow near the rotor hub in proportion to the
mean-radius and tip-region mess flow. This effect would decrease the
concavity of the streamline and explaln the better agreement between
calculated and measured axisl velocities near the hub.

High hub-tip ratio stagee: - The data of figure 8 were obtained from
a single-stage compressor with & hub-tip ratio of 0.8 and designed for
the addition of wheel-type whirl through the guide vanes. In contrast
wlth the trend of figures 4 to 7, the axial-velocity ratios calculated
from the solution for simplified radial equilibrium are slightly lower
near the hub and higher near the tip than the data. If the solution for
simplified radial equilibrium including the entropy gradlent had been
obtained (the necessary guide~vane-loss data for such a solution were not
available), the calculated axisl-velocity ratios probebly would have more
closely sgreed with the data. The indicstion is that the net effect of
the first three terms of equation (15) is negligible. The hub taper 1is
slight for a hub-tip ratioc of 0.8 and the guide-vane aspect ratlo is low
(0.80); therefore, the streamline curvature would be smaller than for
the compressor with a hub-tip ratlio of 0.5. For this conflgurstion the
type of flow distribution has 1ittle effect on the importance of the
rediel-flow term, probebly because the small passage depth permits little
deviation from a two-dimensional flow.

Downstream of rotor. - Axlsl-veloclty ratios for the axiasl station
downstream of the rotor obtained from deta and from the two solutions of
simplified radial equilibrium are presented in figures 9 to 17.
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Low hub-tlp ratio steges: - The datse of figures 9 to 13 were ob-
tained from stages having a rotor-inlet hub-tip ratio of 0.55 or less.
The design-flow distributions were similar: wheel-type or wheel-mirnus-
vortex rotor-inlet whirl with constant-enthalpy addition through the
rotor. The comparisons between axisl-velocity profiles obtained from
data and from the solution for simplified radial equilibrium indicate
a similar trend for each compressor in full-stage configuration, namely,
that the calculated velues are slightly low near the tip and higher near
the hub than the data. However, for the configurations without stators
(figs. 12 and 13) good sgreement is indicated between measured and cal-
culated sxial-velocity profiles. The curves of figure 9 indicate that
veriation of flow coefficlent has little effect on the observed trend
that the calculated velocitles exceed the deta near the hub. The solu-
tion for simplified radisl equilibrium including the entropy gradient
(figs. 9 to 13) is not markedly different from the solution without the

entropy gradient.

The trends of figures 9 to 11 are similar to those observed for the
deta after the guide vanes, and a simller analysis can be applied. As
discussed in reference 12, the redial pressure gradient downstream of a
rotor with wheel-minus-vortex inlet flow causes a radial flow toward the
hub; after the stators the flow shifts toward the casing. The blockage
effect of the stators (the fact that they block more of the annular-flow
ares near the hub than near the casing) also contributes to this shift
in flow. Geometrically, the large passage depth and high rotor-blade
aspect ratio (2.7 to 3.0) contribute to an appreciable curvature of the
streamlines. All these effects tend to make the streamlines concave
looking from the casing at the measuring station downstream of the rotor.
The velocity comperisons of figures 9 to 11 indicate that the streamlines
are concave in these Instances. The term of Euler's equation (eq. 15)
neglected because of the assumption of axlal symmetry might also be sig-
nificant. The accumilated guide-vane and rotor losses were insufficient
to cause, through the entropy gradient, a marked effect on the axisl-
veloclty profiles for the free-stream region.

The trend indicated in figures 12 and 13 of better agreement between
calculated and measured axial velocities than is indicated for the same
rotors in figures 9 and 10 can probably be explained by the absence of
stators. Without stators there is less tendency for a shift in flow
downstream of measuring stetlon 2, and the flow probably stabilizes on
approximately conlcal surfaces.

High hub-tip ratio stages: - The configurations from which the data
of figures 14 to 17 were obtained have rotor-inlet hub-tip ratios of 0.80
and higher, The most interesting trend 1s the good agreement between
data and the solution for simplified radial equilibrium inciuding the
entropy gradient. As was the case for data upstresm of the rotor, the
indication is that the net effect of streamline curvature and axisglly
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asymmetric flow is negligible. Also, the effect of logses is more appre-
clable than for the low hub-tip ratio staeges, probebly because the high
hub-tip ratio unlts operated at higher blade loadings, with consequently
higher total-pressure losses, and because the blade-end region consti-
tuted a greater proportion of the passage height.

Downstream of stators. - Axlel-velocity profiles for low hub-tip
ratio stages at the measuring station downstream of the stators are
presented 1n figures 18 to 20. The curves indicate good agreement be-
tween data and the calculation including entropy gradient. The entropy
gradient was especislly significant at low flows (figs. 18(b) and 19(b)).
A negligible effect of axially asymmetric flow and radisl flow is in-
dicated. The sghift in flow towards the casing which occurs through s
stator-blade row is asugmented by the bub taper. As the flow proceeds
downstresm from the stators, it tends to stebilize on approximately coni-
cal surfaces (if no rotor follows) or is shifted back toward the hub
through the following rotor. The analysis of reference 12 indicates that
the stream surfaces through a second stage are slmilgr in shape to the
hub contour. Thus, the streamline curvature would be smell with & neg-
ligible effect on the computed axlal-veloclty profile.

Boundary-layer data. -~ Supplementary flow measurements were made at
radial stations close to the hub and casing and are compared with ana-
lytical solutions in figures 21 to 23. Figure 21 shows velocity com-
parisons after a rotor with a high hub-tip radius ratioc where the veloci-
ties obteined by using simplifled radial equilibrium with an entropy
gredient agree with measured velocities. The simplified-radial-
equilibrium spproximetion gives velocitlies which are high in the casing
boundery leyer (the region where the axisl velocity drops sharply).

A comparison of velocities after a transonic rotor with low hub-tip
radius ratio is shown in figure 22. The sclution for veloclities which
does not include an entropy gradient shows again the pattern of wveloci-
tiles which are too high in the tip reglons. These analytical velocities,
which are too low at most radisl statlions near the hub, are higher at
the radisl station nearest the hub than the measured veloclties and
velocities obtained analytically by using an entropy gradient. The
comparison of velocities indicates that the entropy rises sharply in the
boundary-leyer reglons, while in the main-stream reglon the minimum en-
tropy occurs near the hub and rises gradually toward the tip.

For the available boundary-leyer dete after stators (£1g. 23), the
measured velocities and the velocities calculated by using simple radial
equilibrium including an entropy gradient agree very closely. Analytical
velocities obtalned by the simple-radiasl-equilibrium epproximation are
markedly high near the hub and tip and low near the mean-radius sta-
tion; they are more incorrect than the velocities obtained by this type
of calculation after the rotor of figure 22.
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In general, the close agreement between measured velocitles and
velocities calculated by using simplified radilal equilibrium with an
entropy gradient shown in figures 21 to 23 indicates the radisl-flow
term 1s unimportent here. For the configuration of figure 21, the high
hub-tip radius retio prevents any large deviations from two-dimensional
flow;,; for the low hub-tip redius ratlio stage of figures 21 and 22 there
is little tendency for radial flows because of the flow distribution
(zero rotor-inlet whirl).

The effect of the entropy gradient outside the boundary layer is
greater for the transonic rotor (fig. 22) than for the subsonic inlet-
stage compressors (figs. 9 to 11). The transonic rotor has a higher
relative inlet Mach number and also & larger radlal variastion of rels-
tive inlet Mach number than the subsonlc stages, leading to larger
total-pressure losses and larger redial varietioms in total-pressure
losses 1n the transonic stege. The magnitude of the discrepancy between
the two radigl-equilibrium solutlons is higher after stator than after
rotor because of additional losses Incurred by the stator-blade row.

The importance of estimating blade-element and boundary-layer losses
in design calculations is emphasized by the large discrepancies between
the two analytical velocities. The close agreement between dateg and cal-
culations Including an entropy gradient in the boundary-leyer regions
Indicates that the blockage effect of the boundary layer can be tsken
into account by a design assumption of the boundary-leyer stagnetion-
pressure profile. Thls assumed proflile can be based on avallable
boundery-layer-loss data.

Middle gnd End Stages of Multistage Compressor

Downstream of rotors. - The configurations in this section differ
from those previocusly discussed in that the entropy gradilent is higher
since losses have accumulated for several stages. Figure 24 shows data
from a rotor which is preceded by four stages of a multistage compressor.
Comparisons are made in this cese for & range of flow coefficlents to
ascertain the effect of a wide variety of losses through a specifiled
blade row on the trends of the solutions based on simplified radial
equilibrium with an entropy graedient. In all cases, including the en-
tropy gradient in the simplified radial equilibrium, calculetions led
to good sgreement with measured veloclties. 8imllarly, investlgations
for a large number of flow coefficients were made for the other configura-
tions in this section and showed agein that the entropy-gradient correc-
tion led to good agreement with measured veloclties. Since these com-
parisons for g variety of flow coefficients are similar to those of
figure 24, they are not included in the figures presented.
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Velocities after the last rotor of a 10-stage compressor are shown
in figure 25. Near design conditions after these rotors (figs. 24(a),
24(b), end 25(a)) the simplified-radisl-equilibrium approximation gives
velocities which are high for both hub and tip stations and low near the
mean radius station, indicating that the shape of the entropy gradient
is different from those found in the single-stage compsrisons. As pointed
out in figure 2(b), the entropy has & minimum velue at some intermediate
radius between hub and tip, showing that the losses are greatest near the
end walls. The growth in losses near the hub for the middle-stage rotors
ls the most significant change from the loss profiles indicated for the
single-stage configurations. These changed profiles msy result from the
accumulation of losses which occur at the unattached blade ends, on the
end walls, or on the blades. Figures 24(c) and (d) show exceptions to
thls pattern, for here indications are that the entropy increases from
hub to tlp. These are low-flow-coefficlent runs at which the blades
might be expected to operste inefficiently, with the tip region being
most sensitive to changes in welght flow. As the flow coefficlent is
decreased (figs. 24(c) and (d)), the losses at the tip regions become
highest, changing the entropy gradient pronocuncedly.

Downstream of stators. - The inadequacy of simplified-radial-
equilibrium spproximation after stators is shown clearly in figures 286
and 27. Data after the fifth and ninth stators of a multistage com-
pressor show that the conslderation of the entropy term is even more
important here then after the rotors. The simplified-radial-equilibrium-
approximatlion solutions glve very poor agreement with actual data. After
the fifth stator the entropy reaches a pronounced maximum in the end
regions of the blede, as indicated by figures 26(a) and (b). Near design
conditions after the ninth stator (fig. 27(e)) the same type of entropy
gradlent as for the fifth stator (fig. 26) is indicated. At off-design
conditions (fig. 27(b)) an increase in losses near the casing which
occurrs after the rotors is also aspparent aftér these stators.

Discussion of multistage results. - The radiel-entropy varietion in
the latter stages of a multistage compressor must be evaluated and used
in the equilibrium equation in order to correctly compute axial-velocity
profiles. This varistion follows a generel pattern; at or near design
weight flow the entropy has a minimum value near the mean radius, in-
creasing toward each of the end walls, while at flow coefficients other
than design the entropy has a minimmm at the hub region and Increases
monotonically toward the tip.

ANATYSIS OF DESIGN TECHWIQUE
Application of Radial-Equilibrium Equation

In view of the results of the experimentel iInvestigation, it would
be desirsble to use & procedure based on equation {9) in the calculation
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of velocity diagrams for the design of e multistage machine. In an axlal-
flow turbomechine design, the veariables which will be known or assumed
are the inlet conditlions to the blade row, the desired welght flow, and
the losses or adlabatic efficiency of each blade element. The radial
gradient of energy addition is usually prescribed through an analytical
variation of either Vg or AH with radius. In order to obtain the

total-pressure rise from the total-temperature rise, the blade-element
total-pressure losses must be known or assumed as functions of the
velocity-diagram parameters. For lnstance, the relative total-pressure-
loss parameter @ 1s presented in reference 14, wherein the relative-
total-pressure loss is given as a function of relative inlet Mach pumber
and a blade-loading parasmeter, the diffusion factor D. A preliminary
solution of the simplifled-radial-equilibrium approximation can be cob-
tained in order to calculate D factors, or the diffusion factors can
be agsumed on the basis of previous experience. This assumed radial
variation in losses now ylelds an assumed radial varistion in entropy,
since from equation (5a)

.
1
82 _ S0, <éz V=t / Py
= injl =— - (Sb)
R ~ R T 2

A flrst approximation to the axisl-veloclty m ofile after the rotor can
now be found by using equation (9). By selecting a value for Vz,z at

the mean radius, using this as VZ,Z Kk’ and solving for Vz,z,u at the
2

next stations toward hub and tlp, the velocities across the entire pas-
sage can be found by repesting the process with the results of each step
used as reference values -in the next step. Since the method gives accu-
rate profiles (if blade-element- and end-wall-loss data are available)
across the passage from hub to casing, corrections such as blockage fac-
tor or boundary-layer displacement thickness are unnecessary for the
continuity equation.

Solution for Velocity Distributions

The design procedure will vary depending on whether the passage
area or mean-axisl-velocity variation 1s fixed through the machine. 1In
both cases an iteration process will be necessary and the attacks will
be simllar. An example will be made for a rotor with a fixed passage
area (ry, and Ty known). This is the type of calculation which might

be applied after a preliminary anslysis on a mean-radius basis has deter-
mined the hub contour (for s fixed-tip-radius machine). In thie case the
following factors would be known or assumed:
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(1) Hub and tip radii throughout the machine
(2) Weight Plow

{3) Rotative speed

(4) Inlet total temperature and pressure

A convenient design method is to prescribe the outlet radial varia-
tion of tangential velocity (hence the energy addition in the case of a
rotor). For simplicity, the stresmline flow is assumed to occur st equal
increments along the radius, thus fixing rp as a functlon of rj. The

totel-temperature rise across the rotor can now be found at each radial
position from the equation

cP(Tz -T) = (Uzve,2 - Ulve,l) (16)

In addition to the requirement that equation (9) be satisfied after
the blade row, the continuity equation (13) must also be satisfied at this
axial station. Since the variation of static temperature with radius is

ty - %
generally smell <_EE___E
m

assuming that t = comstant and is equal to the value at ry. Equation
(9) combined with equation (10) then yields the following equation:

= O), a first approximation may be made by

X
Vo 1.2 T T- 1 To ANT-1 /P
Vg, 2 2 - 2R _ 2,k ln 2 k - in 2,u 2,u +
Z,5,u ZCP TO PO
rkv
2 2 4 v 2 .2 _Ldr + 2e(Tp 1 = Tp o)
Vo,2,x° = Vo,2,u” * Vz,2,k = g 2,u - T2,k
o
u

(17)

This solution must be corrected to obtaln the proper weight flow.
With the use of the values of Vz,z obtained from solutions of equation

(17), the equation for continuity can be solved (by using egs. (13) and
(14)) and an integrated weight £low at station 2 obtained. If the in-
tegrated weight flow is within 2 percent of the desired flow, & simple
adjJustment of all the velocities by the ratio of flows will suffice.
Otherwise, the originel assumption of mean axial veloclty must be ad-
Justed by the ratio of flows and equation (17) agein solved.
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If the axlal-velocity distribution (which 1s combined with pre-
scribed tangentilal veloclty distribution to glve flow angles) which
results from these solutlions 1s much different from the expected dis-
tribution (causing the D factors to be different from those expected),
an adJustment of the assumed blade-element losses may be in order, and
a new solution obtained on this basis. Thils adjustment could also be
made as a refinement of the method after a tentative cholce of blade
shapes 1s made and the best available blade-element total-pressure-loss
date are aepplied. f C ’

In any solution for the precise velocity distribution after a blade
row, the need for blade-element- and end-reglon-loss informetion is evi-
dent. This 1s especially true in multistage-compressor calculations
where blade-element-loss accumilatlons may cause an gppreclable radial
gradlent of entropy in the latter stages with resulting large effects on
the axial-veloclty distributions.

SUMMARY OF RESULTS

The investigation of the validity of application of the simplified-
radilal-equilibrium equation to compressors gave the following results:

l. In order to calculate accurately the radlal varistion of ve-
locities, it was necessary, in general, to include measured stagnation-
pressure losses in the simplified-radisl-equilibrium equation. The
assumption of zero radial entropy gradlent was invalid for the calcula-
tion of velocitles at axlisel stations more than one or two blade rows
downstream from a region of uniform entropy. At an axial statlon fol-
lowing several stages of a multistage compressor, large discrepanciles
were observed between measured velocities and velocities computed by
using the simplified-radisl-equilibrium egquation but neglecting the
entropy gradient; whereas the velocltles computed by using the entropy
gradlent agreed closely with the data.

2. Very close agreement was observed between dasta and the calcula-
tions made by using sn entropy gradlent in the boundary-leyer regions
at the hub and tip; whereas the. calculations which did not include the
entropy gradlent were not correct. This trend suggests that the blockage
effect of the boundary layer can be taken into account by a design as-
sumption of the boundary-layer stagnation-pressure proflle based upon
aveilable boundary-layer-loss data. '
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3. Results of this investigation suggest that a veloclty-dlagram
design method including the effect of the estimated stagnation-pressure
losses on the design axial-wvelocity profile would glve more accurate
velocity diasgrams than present methods which do not include stagnation-
pressure losses. A veloclity-dlasgrem design method including stagnation-
pressure losses is presented in this report.

Lewis Flight Propulsion Laboratory
Nationsl Advisory Committee for Aeronsutics
Cleveland, Ohio, January 27, 1954
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Figure 1. - Streamline in r,z plane, concave looking from
compressor caslng.
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A Simplified radlal equilibrium with entropy gradient
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Filgure 2. - Effect of entropy-gradient term on simplified-radial-equlilibrium solutions.
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Figure 3, - Interpretatlion of comparison of measured velocities with solutions
obtalned by using simplified radlal equilibrium including enmtropy gradient.
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Figure 4., - S8implified-radiasl-equilibrium axial-velocity
comparison after gulde vanes for single-stage com-
pressor. Rotor-plus-guilde-vane investigation for
configuration of reference 4: wheel-type inlet whirl;
rotor~-inlet hub-tip ratio, 0.5; gulde-vane aspect
ratio, 2.7; 100 percent design speed.
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Figure 5. - Simplified-radial-equilibrium axisl-velocity -
comparison after guide venes for single-stage com-
pressor. Rotor-plus-guide-vane investigation for
configuration of reference 5 (low-cambered design): .
wheel-minus-vortex inlet whirl; rotor-inlet hub-tip
ratio, 0.5; gulde-vane aspect ratio, 2.9; 100 percent
design speed. )
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Figure 6. ~ Simplified-radial-equilibrium axiel-velocity
comparison after gulde vanes for single-stage com- .
pressor. Rotor-plus-guilde-vane investigatlion for
configuration of reference 5 (high-canbered design):
wheel-minus-vortex inlet whirl; rotor-inlet hub-tip
ratio, 0.5; gulde-vane aspect ratio, 2.9; 100 percent °

design speed.
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Figure 7. - Simplified-radial-equilibrium
exlal-veloclity comparison after guide vanes
for 10-stege compressor. Muliistage-
compresgor investigation for configuration
of reference 6: wheel-minus-vortex inlet
whirl; rotor-inlet hub-tip ratio, 0.55;
gulde-vans aspect ratlio, 2.6; S0 percent
design speed.
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Filgure 8. ~ Simplified-radisl-equilibrium axial-velocity
comparison after gulde vanes for single-stage com-
pressor. Full-stage investigetion for configuration
of reference 7: wheel-type inlet whirl; rotor-inlet
hub-tip ratio, 0,8; gulde-vane aspect ratio, 0.8;

100 percent design speed.
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Figure 9. - Simplifiled-radial-equilibrium axlal-veloclty
comparison after rotor for single-stage compressor.
Full-stage lnvestigation for configuration of refer-
ence 5 (high~canbered design) plus 65-series stator
blades: wheel-minus-vortex inlet whirl; rotor-inlet
hub-tlp ratio, 0.5; rotor-blade aspect ratioc, 2.7;

100 percent design speed.
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Figure 9. - Continued. Simplified-radial-equilibrium
axial-velocity comparison after rotor for single-stage
compressor, Full-stage investigation for configura-
tion of reference 5 (high-cambered design) plus 65-
series stator blades: wheel-minus-vortex inlet whirl;
rotor-inlet hub-tip retio, 0.5; rotor-blade aspect
ratio, 2.73; 100 percent deslign speed.
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Figure 9. - Concludsd. Simplified-radlsl-equilibrivm
axial-velocity comparison after rotor for single-stage
compressor. Full-stage Investigation for configura~
tion of reference 5 (high-cambered design) plus 65-
series gtator bledes: wheel-minus-vortex inlet whirl;

rotor-inlet hiub-tip ratio, 0.5; rotor-blade aspect
ratio, 2.73 100 percent design speed.
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Figure 10. - Simplified~-radial-equilibrium axisl-velocity
comparison after rotor for slngle-staege compressor.
Full-stage investigetion for configuratlon of refer-
ence 5 (low-cambered design) plus 65-series stator
bledes: vwheel-minus~vortex inlet whirl; rotor-inlet
hub-tip ratlo, 0.5; rotor-blade aspect ratio, 2.7;

100 percent deslgn speed.
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Figure 11. -~ Simplified-radial-eguilibrium axial-velocity
comparlson after first rotor for 10-stage compressor.
Multistage-compressgor investigation for confilguration
of reference 6: wheel-minus-vortex inlet whirl; rotor-
inlet hub-tip ratioc, 0.55; rotor-blade aspect ratio,

3.0; 890 percent design speed.
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Figure 12, - Simplified-radial-equllibrium axial-veloclty
comparison after rotor for single-stage compressar.
Rotor-plus-gulde-vane Investigation for conflguration
of reference 5 (low-cambered design): wheel-minus-
vortex imlet whirl; rotor-inlet hub-tip ratio, 0.5;
rotor-blade aspect ratlo, 2.7; 100 percent design
speed.
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Figure 13. - Simplified-radial-equllibrium axlal-velocity
comparlson after rotor for single-stage compressor,
Rotor-plus-gulde-vane investigation for conflguration
of reference 5 (hlgh-cambered design): wheel-mlinus-
vortex inlet whirl; rotor-inlet hub-tlp ratio, 0.5;
rotor-blede aspect ratlic, 2.7; 100 percent design

speed.
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Figure 14. - Simplified-radial-equilibrium axisl-veloclty
comparison after rotor for single-stage compressor.
Rotor investigstlon for configuration of reference 8:
zero inlet whirl; rotor-inlet hub-tip ratio, 0.8; rotor-
blade aspect ratio, 0.74; 124 percent design speed.
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Figure 15. - Simplifiled-radial-equilibrium axiasl-velocity
comparison after rotor for single-stage compressor.
Full-stage investigation for configuration of refer-
ence 7 (high solidity): wheel-type inlet whirl; rotor-
inlet hub~tlp ratlo, 0.8; rotor-blade aspect ratio,
0.88; 100 percent design speed.
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Figure 16, - Simplifled-radial-equilibrium axial-veloclty
comparison after rotor for single-stage compressor.
Full-stege investigation for conflguration of refer-
ence 7 (medium solidity): wheel-type inlet whirl;
rotor-inlet hub-tip ratio, 0.8; rotor-blade sspect
ratio, 0.88; 100 percent design speed.
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Figure 17. -~ Simplified-radial-equilibrium axial-velocity
comparison after rotor for single-stage compressor,
Full-stage 1nvestigation for configuration of refer-
ence 7 (low solidity): wheel-type inlet whirl; rotor-
inlet hub-tip ratio, 0.8; rotor-blade aspect ratio,
0.88; 100 percent design speed.
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Filgure 18. - Simplifiled-radial-equilibrium axlasli-veloclty
camparison after stator for slngle-stage ocompressor.
. Full-stage investigation for conflguration of refer-
ence 5 (low-~cambersd design) plus 65-series stator
blades: wheel-minus-vortex rotor-inlet whirl; rotar-
inlet hub-tip ratio, 0.5; stator-blade aspect ratlo,
2.5; 100 percent design speed.
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Figure 19. - Simplified-radiel-equilibrium axial-velocity
comparison after stator for single-stage compressor.
Full-stage investigetion for conflgurestion of refer-
ence 5: vwheel~minus-vortex inlet whirl; rotor-inlet

hub~tip ratic, 0.5; stator-blade aspect ratio, 2.5;
100 percent design speed.
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Figure 20. - Simplified-radial-equilibrium axisl-

veloelty comparison after f£irst stator of 10-
stage compressor. Multistaege-compressor
investigation for configuration of reference 6:
wheel-minus-vortex inlet whirl; rotor-inlet
hub-tip ratio, 0.55; stator-blade aspect ratio,
2.8; 100 percent design speed.
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Figure 21. - Simplified~-radial-equilibrium axial-velocity
comparison after rotor for single-stage compressor.
Boundary-layer investlgation for configuration of ref-
erence 9 for rotor plus gulde vanes: wheel~type inlet
whirl; rotor-inlet hub-tip ratlo, 0.8; rotor-blade -
aspect ratio, 1.1.
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Figure 22, - Simplified-radial-equilibrium sxial-

veloelty comparison after rotor for single-
stage transonic compressor. Boundary-layer
investigation for configurstion of reference 10
for rotor plus stators: zero inlet whirl;
rotor-inlet hub-tip retio, 0.53; rotor-blade
aspect ratlio, 1.3,
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Figure 22, - Concluded. Simpiifled-radial-~
equilibrium axial-velocity comparlson after
rotor for single-stage transonic compressor.
Boundary-leyer Investigation for conflgura-
tion of reference 10 for rotor plus stators:
zero Inlet whirl; rotor-inlet hub-tip ratio,
0.53; rotor-blade aspect ratio, 1.3.
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Figure 23. - Simplified-radisl-equilibrium axial-
veloeity comparison after stetors for single-
stage compressor. Boundary-leyer investigation
for configuration of reference 10 for rotor
plus stators: rotor-inlet hub-tip ratio, 0.53;
stator-blade aspect ratio, 1.2; 100 percent
deslign speed.
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Pigure 24, -~ Bimplified-redial-equilibrium sxial-velocity
comparison after f£ifth rotor of 10-stage compressor.
Multistage investigatlon for conflguration of refer-
ence 6: wheel-minug-vartex inlet whirl; rotor-inlet -
hub~tip ratio, 0.76; rotor-blad~ aspect ratio, 1.7.
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Figure 24. - Concluded. Simplified-radisl-equllibrium axial-
velocity comperlison after fifth rotor of 10-sisge compres-
sor. Multistege investigetion for configuration of refer-
ence 6: wheel-minus-vortex inlet whirl; rotor-inlet hub-tip
retio, 0.76; rotor-blade saspect ratlo, 1.7.
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Flgure 25. - Simplified-radlal-

equilibrium axlsl-velocity comparison
after tenth rotor of 10~-stage com-
pressor. Multistage investigation

for configuration of reference 6:
wheel-minus~vortex inlet whirl;
rotor-inlet hub-~tip ratioc, 0,91;
rotor-blade aspect ratio, 0.82.
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Figure 26. - Simplified-radisl-equilibrium axial-velocity
comparison after fifth stator of 10-stage compressor.
Multlstage Investigetion for conflguration of refer-
ence. 6: wheel-minus-vortex inlet whirl; rotor-inlet
hub-tip ratio, 0.76; stator-blade aspect ratio, 1.6;
100 percent design speed.
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Figure 27. - Simplifled-radial-
equilibrium exial-velocity comparison
after ninth stetor of 1O0-stage com~
pressor. Multistege investigation
for configuration of reference 6:
wheel-type inlet-whirl; rotor-inlet
hub-tip ratio, 0.89; stator-blade
aspect ratio, 0.87.
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